Abstract Science-based sustainable management of agroforestry and silvopastoral systems is essential for their maintenance in a changing world. Using bibliometric and network analyses, we characterized how research is addressing the ecological and socioeconomic dimensions of sustainable management of cork oak (Quercus suber) silvo pastoral systems, Mediterranean ecosystems of high nature conservation and socio-economic value. We retrieved publications on cork oak from the Web of Science. More than 60 countries contributed with research on this system. Retrieved papers addressed a great diversity of topics and were published in a variety of journals, highlighting the multidisciplinary character of cork oak research. Research grew exponentially after the 1990's, possibly stimulated by the establishment of the European Forest Ecosystem Research Network. Our analysis shows that most research priorities identified for the Mediterranean region are being well addressed in cork oak systems, although research on the interactions between ecological and socio-economic components remains underrepresented. Less research has been published in North Africa compared to Europe, which is worrisome because it hosts a large 
Introduction
Open woodlands cover large areas across the Mediterranean Basin where they often form silvopastoral systems characterized by a long history of multipurpose human use (Blondel 2006; Blondel et al. 2010 ). Many of these systems are of high natural value, being characterized by a high degree of biological diversity (Myers et al. 2000) and host relatively high number of threatened and endemic species. An example are Mediterranean cork oak (Quercus suber) woodlands which cover approximately 1.5 million ha in southern Europe (Portugal, Spain, Italy and France) and 1 million ha in North Africa (Morocco, Tunisia and Algeria) (Díaz et al. 1997; Pausas et al. 2009 ). These woodlands are often regarded as an example of traditional and sustainable managed silvopastoral systems accomplishing both conservation and socio-economic aims. They are characterized by a variable density of trees and a diverse shrub understory intermixed with grasslands of mostly annual species (Bugalho et al. 2009 ). Cork oak, a tree native to the western Mediterranean Basin, has a fire-resistant bark ) -corkwhich is harvested every 9-12 years, without felling the trees, and is mainly used for bottle stoppers by the wine industry. In such systems, cork harvesting, an activity generally compatible with biodiversity conservation (Díaz et al. 1997; Godinho and Rabaça 2011; Leal et al. 2011) , is the main source of income and often combined with livestock production, agricultural crops, hunting and other uses.
Although presented as a prime example of sustainable management (SM), cork oak woodlands currently face multiple ecologically and socio-economic threats. Lack of natural regeneration (Acácio et al. 2017; Fragoso et al. 2011 ) frequently due to overgrazing, and high adult oak mortality (Acácio et al. 2007; Carnicer et al. 2011) possibly resulting from an increased frequency of droughts induced by climatic changes (Caldeira et al. 2015; Correia et al. 2018) , are endangering the system in different regions. Additionally, inadequate or lack of management and land abandonment, with consequent shrub encroachment and increased risk of severe wildfires, are also causes of concern (Bugalho et al. 2009 ). The intensity and nature of threats vary between Europe and North Africa, partly due to differences in socio-ecological contexts Campos et al. 2008) , and affect the unique biological value and sustainability of these systems (Correia et al. 2015a; Díaz et al. 1997) . Some of these threats relate to land use changes and pressures which endanger the safe limit for the maintenance of Mediterranean biodiversity (Newbold et al. 2016) , so understanding their dynamics is generally considered a research priority for the region (Doblas-Miranda et al. 2015) .
Environmental and socio-economic issues are strongly interlinked in cork oak woodlands, making them an interesting model to analyse whether research is addressing the key dimensions of SM and the ecological and socio-economic threats faced by the system. Research may play a role in developing novel ways to boost the system's sustainability so that ''human use does not irreversibly impair the integrity and proper functioning of its natural processes and components' ' (de Groot et al. 2000) . International entities such as the United Nations acknowledged this by highlighting the importance of strengthening ''the contribution of science and research to advancing sustainable forest management by incorporating scientific expertise into forest policies and programmes'' (UN General Assembly 2008).
Here, we aim to characterize scientific research and assess how is it addressing the ecological and socioeconomic dimensions of SM in cork oak silvopastoral systems. Specifically, we (i) analyse temporal and geographic research trends and funding patterns in cork oak ecosystems; (ii) identify main research topics addressed and how do they relate to the socioeconomic and ecological dimensions of sustainable management; (iii) characterize main differences between Europe and Northern Africa in cork oak research.
We use the relatively novel bibliometric and network analysis methodologies, to quantitatively evaluate published scientific information. These methodologies are gaining attention with the dawn of the ''Big-data Era'', a time when all areas of human endeavour are being flooded with large scale data sets (Pržulj and Malod-Dognin 2016) . These methodologies summarize data and generate novel insights with quantitative rigor (e.g. Grimmer and Stewart 2013; Westgate et al. 2015) . Bibliometric and network analyses have entered the scientific literature and are becoming important tools for information synthesis and review in fields such as forestry (Nardi et al. 2016; Song and Zhao 2013) , biogeography (Ladle et al. 2015) or conservation ).
Methods

Data gathering
We searched for relevant publications using Thompson Reuters (now Clarivate Analytics) Web of Science TM , which allows (i) the retrieval of detailed metadata associated with each publication, including funding information, (ii) the exclusion of ''grey literature'', and (iii) avoidance of publications that were not focused on cork oak research but could nevertheless mention the focal species (e.g. Google Scholar returns any publication mentioning the search term independently of where it is located within the manuscript).
A single search was carried out in the Science Citation Index Expanded (SCI-Expanded) Core Collection of Web of Science. We used a simple search string to identify publications mentioning the common or the scientific name of the species (''Cork oak'' or ''Quercus suber'') in the title, abstract or keywords (Topic search in Web of Science search engine). The search was carried out on the 1 st of March 2018 and included all articles published until December 2017. The results were filtered to include only documents labelled as 'articles' or 'books'. We did not include in our search common terms referring to the system (cork oak woodlands are named 'montados' in Portugal and 'dehesas' in Spain) given that they are also used to refer to holm oak (Quercus rotundifolia) woodlands, which were outside the scope of this research.
The full metadata associated with each publication was downloaded via email and collated into a single text document. Data from each reference were then extracted with Bibexel software (Persson et al. 2009 ). Specifically, we extracted the data from relevant Web of Science fields (for additional details, see Web of Science help) including Document Title (TI), Author Keywords (DE), Year Published (PY), Publication Name (SO), Times Cited (TC), Subject Category (SC), Author Address (C1), Reprint Address (RP) and Funding Agency and Grant Number (FU). However, not all references contained a complete metadata record and information associated with keywords, author addresses, and funding agencies were occasionally missing. These references were excluded from the analysis for which the data were missing. For the remaining references, data were extracted and assembled in a single file used for analysis.
Data analysis
Firstly, we used publication year (PY field) to analyse temporal trends of scientific production on cork oak, calculating the total number of publications per year. We also calculated the total number of publications in the Web of Science's SCI-Expanded Index Core Collection per year by scanning the areas of Life Sciences & Biomedicine, Physical Sciences and Technology. The countries that contributed with most publications were identified using information from author and reprint author addresses (C1 and RP field). For each country, the total number of publications was the number of publications with at least one author reporting an address in the country. This ''research contribution'' was then related to the area of cork oak woodlands in each country (APCOR 2017; Casula et al. 2017) . Funding information (FU field) for each publication was analysed to compare the relative contribution of public and private funding sources for cork oak research. These data were only introduced to Web of Science after August 2008, so only publications indexed after January 2009 were used in this analysis. Funding was classified as private, public or both (in the case of public-private partnerships).
Secondly, we evaluated publication trends and citation metrics of cork oak research using the categorization of Research Areas provided by Web of Science. For this, we quantified the representation of journals and subject areas in our sample using the fields with publication name and subject category (SO and SC fields). Journal-level analyses identified the main publication outlets for cork oak research and a list of journals with ten or more publications is available in Online Resource 1. The analysis of subject areas identified publication trends and citation metrics for the fifteen most represented scientific Subject Categories. A list of ISI Subject Categories with ten or more papers focusing on cork oak is presented in Online Resource 2.
Thirdly, we analysed research topics using titles and keywords (TI and DE fields) . Title words and keywords were extracted and pre-processed (e.g. removal of capital letters, plurals, and synonyms) separately, prior to analysis. A word co-occurrence matrix was then calculated for each of the two sets of words. However, an initial exploration of the data yielded similar results for both datasets, so further analysis only used keywords, which required less intervention during the pre-processing stage. After identifying the 50 most cited keywords, their cooccurrence matrix was used in a network analysis framework to explore research topic patterns and connections in the data. The keyword network was calculated using Bibexcel software, while network visualization and keyword clustering were done with the of VOSviewer software Waltman 2010, 2014) . The latter uses the visualization of similarities (VOS) technique, which is based on a weighted variation of modularity functions for clustering and mapping purposes ). The VOS method has been recommended for bibliometric mapping over other widely used techniques, such as multidimensional scaling (MDS) (van Eck and Waltman 2010). A network map, which included a keyword clustering used to identify associated research topics, was generated with this technique and edited using Inkscape software (Bah 2009 ). Afterwards, the number of papers with keywords associated with each keyword cluster was quantified by Subject Category, to identify the subject categories most associated with each specific research topic.
Finally, we analysed the importance of each research topic in the European and North African countries where cork oak naturally occurs. For this, we selected subsets of publications featuring the top-50 keywords that were authored by either European (Portugal, Spain, Italy and France) or North African countries (Morocco, Algeria and Tunisia). Co-occurrence matrices and network analyses were then calculated for both datasets, and eigenvector centrality measures for each keyword were obtained using the eigen_centrality function in package igraph (Csardi and Nepusz 2006) for R software (R Core Team 2016) . Boxplots with the results were produced with ggplot2 package (Wickham 2009 ) for R software and differences between groups were tested using Wilcoxon rank sum test in the same software. A table with the 50 most frequent keywords, their rank, number of occurrences and Eigenvector Centrality value for European and North African Mediterranean countries is presented in Online Resource 3.
Results
What are the temporal and geographical cork oak research trends?
We retrieved 1315 publications on cork oak between 1943 and 2017. Until 1996, only 77 publications were identified, but numbers grew exponentially after that period. In recent years, the number of publications on cork oak in relation to the total number of scientific papers has reached approximately 0.008% (Fig. 1) .
Sampled papers were published in 481 different journals, covering several disciplines. Most publications were published in Forest Ecology and Management (n = 66), Annals of Forest Science (n = 38), Agroforestry Systems (n = 26), Tree Physiology (n = 24) and Trees (n = 22). The 15 journals with most publications are mainly focused on forest and vegetation sciences, but they also include more generalist journals, such as Acta Oecologica and PLoS One.
Publications originate from 63 different countries, but mostly from Portugal and Spain (Fig. 2) . These countries, which registered 492 and 452 publications respectively (37.4 and 34.4% of all sampled research), also represent the countries with the highest cork oak cover: 737,000 and 574,000 ha, respectively. France and Italy recorded over 100 publications whilst there were no more than 50 publications per country in North Africa, in spite of the large cork oak cover in these countries: 383,000 ha in Morocco, 230,000 ha in Algeria and 86,000 ha in Tunisia.
However, the number of publications in relation to the area of cork oak cover in each country reveals a different picture. Thus, France shows the highest scientific productivity in Europe (1.98 publications/ 100,000 ha of cork oak), followed by Italy (0. Publications were distributed across 63 ISI Subject Categories (SCs), but only 6 SCs had over 75 publications. Four of these SCs related to the ecological sustainability of cork oak systems (Fig. 3) . ''Forestry'' (N = 405; 30.8% of total sampled publications), ''Environmental Sciences & Ecology'' (N = 270; 20.5%) and ''Plant Sciences'' (N = 252; 19.2%) had the highest number of publications.
Among these SCs, ''Environmental Sciences & Ecology'' was the only showing a significant increase in publications over the last 20 years (from a total of 21 papers until 1997 to 249 papers between 1998 and 2017), whereas ''Chemistry'' and ''Plant Sciences'' are decreasing. ''Agriculture'', ''Forestry'' and ''Material Sciences'' have a constant deliver of published papers (with a mean of 18, 30 and 4 publications per year between 1998 and 2017, respectively). The number of citations per paper varied greatly among SCs; among the most represented categories, ''Plant Sciences'' is the SC receiving most citations (17.9 citations per publication on average) (Fig. 3) .
The analysis of co-occurrence of the 50 most frequent keywords (Fig. 4) shows major clusters grouping keywords into topics of scientific research focus. The largest network cluster (henceforth referred to as the Agroforestry System cluster) links keywords mostly related to agro-silvo-pastoral systems. These keywords can generally be associated with this system management (e.g. fire, pines, shrubs) and conservation (e.g. biodiversity, birds, conservation). A second cluster, Cork Product, aggregates keywords associated with cork (e.g. cork, cork stoppers, suberin). A third cluster, Diseases, covers keywords related to cork oak pests and diseases (e.g. disease, beetles). The fourth cluster, Genetics, aggregates keywords related with genetic issues (e.g. DNA, genetics and embryogenesis). A fifth cluster, Regeneration, identifies keywords related with oak regeneration (e.g. such as acorn, seedling and regeneration). Finally, the Tree Physiology cluster groups keywords mostly related with oak physiology (e.g. water, growth, leaf and carbon).
The most frequent SCs represented in the described topic clusters are ''Forestry'', ''Environmental Sciences & Ecology'', ''Plant Sciences'' and ''Agriculture'' (Table 1) which were mostly related with Agroforestry System, Diseases, Regeneration and Tree Physiology keyword clusters (Fig. 4) 
How do cork oak research topics vary between European and North African countries?
There was a clear separation among research topics addressed by European and North African Mediterranean countries of cork oak occurrence as shown by eigenvector centrality values (Fig. 5) . Although not statistically significant, Agroforestry System (W = 232, p-value = 0.061) and Regeneration (W = 16, p-value = 0.476) cluster seem to have a higher representation in Europe, and Diseases (W = 9, p-value = 0.905) and Genetics (W = 9, p-value = 0.329) in North Africa. Cork Product cluster was only represented in Europe, with keywords such as cork and suberin showing high centrality values. In contrast, keywords associated with Tree Physiology, such as water and photosynthesis were significantly (W = 25, p-value = 0.036) more important in the North Africa.
Discussion
Temporal, geographic and funding patterns in cork oak research
Our results indicate that cork oak research has increased exponentially since the early 1990s. This trend parallels a documented increase in European forest research (e.g. Nardi et al. 2016 ) over the same period. The first European Ministerial Conference on the Protection of Forests (MCPF), held in Strasbourg in 1990, initiated a pan-European political process promoting Sustainable Forest Management. A conference follow-up was the establishment of the European Forest Ecosystem Research Network (EFERN) in 1996, which promoted research on forest ecology and sustainable forest management (Andersson et al. 2000) . Agroforestry systems have an important role in achieving sustainable forest management globally. Thus, the creation of EFERN may have fostered research in those systems, which play an important role in sustainable forest management globally (Moreno et al. 2017; Ruark et al. 2003) . Another potential explanation for the observed increase in cork oak publications is the fast growth of overall research output that occurred both in Portugal (with a rate of 12.4% per year) and Spain (7.3% per year) from the mid-1990s onwards (Pastor et al. 2015) .
Our analysis also revealed the global scope of cork oak research, with contributions from authors of more than 60 countries, as well as its multidisciplinary nature, reflected in the variety of scientific journals where papers are published. The multiple use characteristics of cork oak silvopastoral systems stimulate multidisciplinary research and possibly foster collaborations among different areas of expertise. The socioeconomic importance of the cork oak system in Portugal and Spain, which together host most of the global cork oak cover and cork production (e.g. Portugal alone has 50% of the global cork production), may explain their large contribution to research. France, however, has the highest rate of publications per area of cork oak cover. This can be partly a consequence of the higher French investment in research and development (R&D) policies, and in forest research in particular. Although Portugal and Spain have recently increased the investment in forest research (Di Matteo et al. 2015) , France has a higher overall expenditure in R&D: * 2.1% of GDP on average since 2002, compared to * 1.2% in Portugal and Spain (Work Bank 2016). The lower cork oak research output of Northern African countries, despite their large cork oak area, may also be partially explained by a lower R&D investment. Tunisia, which has the highest number of publications in relation to cork oak cover, also has the highest regional R&D investment: * 0.66% of GDP on average since 2002, as compared to * 0.64% in Morocco and * 0.2% in Algeria (Work Bank 2016). Our analyses support this view given that cork oak research funding originates mainly from public sources. However, research supported by private funding has shown remarkable success at resolving concrete challenges related to the cork product, such as cork taint, a contamination of bottle stoppers which causes bad taste in wine (Khalip 2017) . The importance of this investment transcends its industrial implications, because the preservation of cork oak systems also depends on their economic sustainability. Nevertheless, knowledge on SM practices in these systems would probably benefit from a wider commitment of private funding addressing both the ecological and economic sustainability of the cork oak system (Daily and Walker 2000) .
Research is addressing cork oak ecological sustainability
Given their long-term interaction with human use (e.g. Blondel 2006) , understanding the links between socioeconomic and ecological sustainability of This network is centered on ''cork oak'' and includes a subset of the 50 most frequently occurring keywords. The size of network nodes reflects the number of papers featuring each keyword, and the width of the connecting lines represents the number of keyword co-occurrences. The grey tones of the dots represent the six major keyword clusters described in the text: Agroforestry System cluster (dark grey dots with black outline), Cork Product cluster (black dots), Diseases cluster (light grey dots with white outline), Genetics cluster (white dots with black outline), Regeneration cluster (light grey dots with black outline) and Tree Physiology cluster (dark grey dots with white outline)
Mediterranean agroforestry and silvopastoral systems is crucial to assure the conservation of these ecosystems. The ecological component of SM was well represented in our literature analysis, as shown by 2015; Scarascia-Mugnozza et al. 2000) . For example, effects of management (e.g. Bugalho et al. 2011b; Smit et al. 2008 ) on biodiversity (e.g. Ceia et al. 2016; Leal et al. 2013; Leal et al. 2016; Rosalino et al. 2009; Torras and Saura 2008) or tree diseases and survival (e.g. Catry et al. 2013; David et al. 2007; Pausas 1997; Rodriguez-Molina et al. 2002; Urbieta et al. 2008) were well represented in our review. Most of these examples highlight the importance of adequate human management for the maintenance of cork oak woodlands and their natural values. Research on the effects of global change on cork oak ecosystems was also well represented in our analysis (e.g. Caldeira et al. 2015; Correia et al. 2015b; Piayda et al. 2014) , including effects of climate on cork oak regeneration (e.g. Acácio et al. 2007; Pons and Pausas 2006) . Interestingly, only a few of these studies explicitly address mitigation topics (e.g. Costa et al. 2010; Rives et al. 2012) , suggesting that the potential contribution of cork oak woodlands to mitigate the effects of global climate changes remains poorly explored and should be stimulated. Similarly, other issues that gained importance during the last decade, such as ecosystem services (Bugalho et al. 2017; Bugalho et al. 2016; Ferraz-de-Oliveira et al. 2016; Porto et al. 2014 ) still remain underrepresented in the literature. As expected, our review also shows that cork, the main source of income generated by the system, is a research priority. The importance of cork material research may be even higher than shown by our results, since publications that use the term ''cork'' without ''cork oak'' were not included in our search results. This highlights the strong dependence of the cork oak ecosystem on the income generated by cork production in spite of the other uses of the system (Pinto- Correia and Mascarenhas 1999; Pinto-Correia et al. 2011) . Research on the provision of forest goods and services is also considered a priority for Mediterranean ecosystems (e.g. Doblas-Miranda et al. 2015) , and our results corroborate this.
Research on the social dimensions of cork oak systems was less represented in our database (e.g. Campos and Caparrós 2006; Campos et al. 2007; Pinto-Correia and Kristensen 2013) . Although we did not use the Web of Science's Social Sciences Citation Index (SSCI), an additional exploratory SSCI search revealed few additional publications on these topics. This suggests that cork oak research is tackling socioeconomic aspects alonside ecological issues, although in a limited way. Additionally, social science research is often published in books and journals not indexed in Web of Science. A low representation of social issues has been documented in forest research in general (e.g. Dobbertin and Nobis 2010) , in spite of their importance for agroforestry (Sanchez 1995; Sherren and Darnhofer 2017) . Further research exploring interactions between ecological and socio-economic dimensions of cork oak systems are needed in the future.
European and North African Mediterranean cork oak systems face different sustainability challenges Socio-ecological contexts vary between European and North African countries where cork oak is a native species. Whilst in Southern Europe land is mostly privately owned, in Northern Africa land is mainly state-owned with local populations having access to forest resources (Berrahmouni et al. 2009; Bugalho et al. 2009; Bugalho et al. 2011a ). Partly as a consequence of this, the sustainability challenges are different in the two regions. Land abandonment and lack of forest management due to socio-economic reasons, namely lack of economic return and ageing of local populations, occurs in several regions of Europe. The consequent shrub encroachment and increased frequency of severe wildfires may reduce tree recruitment (Acácio et al. 2007; Acácio et al. 2009 ). Conversely, overuse associated with overgrazing and over-harvesting of wood for fuel prevails in many regions of Northern Africa. In these countries, shrub encroachment is minimal (Campos et al. 2008 ), but degraded tree cover and lack of oak regeneration mainly due to overgrazing often promotes soil erosion (Ben Mansoura et al. 2001; Berrahmouni et al. 2007 ). Despite these differences, our analysis showed that two of the identified research clusters, Agroforestry System and Regeneration, had similar relative importance in Europe and North Africa, although the number of publications for North African countries is somewhat lower.
The strong focus on Cork product research in Europe may be justified by the importance of cork as a commercial product in this region (over 80% of cork exports originate from Europe (Khalip 2017) ). Moreover, the focus of research on cork material science can also be explained by the ongoing search of new commercial uses for cork, such as insulation, pavements and furniture. Part of the observed differences between the two regions may also be a consequence of easier access to technology and research infrastructure in European institutions. Conversely, publications in Tree Physiology, frequently associated with cork oak water stress, are relatively high in North African countries where climatic suitability for the species is decreasing ).
Conclusions and future challenges
Our bibliometric analysis revealed a substantial increase in the number of scientific publications on cork oak over the last decades, many addressing ecological sustainability issues. Our analysis also suggests scarce research targeting interactions between the socio-economic and ecological components of SM, required to address emerging challenges.
To overcome the relative shortage of resources for research in North Africa, multi-regional funding mechanisms covering North African countries should be reinforced to stimulate joint research across the Mediterranean Basin. Likewise, improving stakeholder engagement from the beginning of the research process, including the industry, local communities and decision-makers may contribute to deliver better results towards the sustainable management and conservation of forests and agroforestry systems (Di Matteo et al. 2015; Hickey 2013) .
Finally, we believe that our methodological approach, which proved effective to uncover patterns, gaps and constraints in cork oak scientific research, can be extrapolated to other silvopastoral ecosystems worldwide. Novel developments in the field of automated content analysis may contribute to enhance these studies (Nunez-Mir et al. 2016; Roll et al. 2018) and support more quantitative outputs. For example, meta-analysis may complement bibliometric techniques such as those used here, facilitating knowledge transfer to the wider society and across relevant stakeholders and contribute to scientifically sound sustainable management.
